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A method to measure specific absorption rate of nanoparticles in colloidal
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We report a method for characterization of the efficiency of radio-frequency (rf) heating of
nanoparticles (NPs) suspended in an aqueous medium. Measurements were carried out for water
suspended 5 nm superparamagnetic iron-oxide NPs with 30 nm dextran matrix for three different
configurations of rf electric and magnetic fields. A 30 MHz high-Q resonator was designed to
measure samples placed inside a parallel plate capacitor and solenoid coil with or without an rf
electric field shield. All components of 7f losses were analyzed and 7f electric and magnetic field
induced heating of NPs and the dispersion medium was determined and discussed. © 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4748285]

Currently employed 7f hyperthermia and ablation techni-
ques, even if minimally invasive, are non-selective and fre-
quently induce thermal necrosis even to normal cells
surrounding 7f ablation probes.! It has been demonstrated
that 7f procedures can be non-invasive and cell-selective
when an external rf source is used in conjunction with either
directly or systemically injected functionalized nanoparticles
(NPs), acting as 7f absorption enhancers.”™

To quantify rf heat enhancement due to the presence of
NPs in colloidal aqueous or physiological suspensions, their
specific absorption rate (SAR) as a dosimetric parameter has
to be determined.” Heating related properties of magnetic
NPs were studied for many years, which resulted in signifi-
cant progress in employing magnetic particles in research
and in clinical applications.“’ﬁ’7 The un-normalized SAR val-
ues for such magnetic nanoparticles for different field
strengths and frequencies were reported by several research
groups to be in a range from 15 to 4000 W/g.>"~'* Also, for
non-magnetic NPs, such as single-walled carbon nanotubes,
and gold NPs, a significant in-situ heating as well as in-vitro
heat destruction of malignant cells have been found.'>""

The rf loss for single-domain ferromagnetic or super-
paramagnetic nanoparticles (SPNPs) suspended in a colloidal
fluid is described by two parallel relaxation processes, Brown-
jan and Néel.™'! In Brownian relaxation, the NP physically
rotates to align with the field while in Néel relaxation, the
magnetic moment rotates internally within the NP. In smaller
NPs, the loss is dominated by Neel relaxation while in larger
NPs Brownian relaxation is the prevailing mechanism.”*

While the rf heating of colloidal suspensions as a whole
is well documented,*®?'? the contribution of dispersion
medium’s or solution’s heating to overall heating of the NP
suspension has generally been overlooked.”> At low frequen-
cies (kHz), the contribution of the solution to the overall heat
loss is relatively small and can be neglected. However, this
assumption is invalid at higher frequencies (MHz), where
the conducting behavior of the solution is dominant and
hence has a significant influence on the measured heating.
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In order to determine SAR of SPNPs, usually the tem-
perature change of a NPs suspension is measured using a
long closely wound solenoid coil. Such solenoid produces a
time-varying uniform 7f magnetic field H, in the axial
z-direction. From Faraday’s law of induction, H, produces a
time-varying electric field referred to as magnetically
induced electric field E,, oriented in the circumferential
¢-direction. Additionally, there exists an axial electric field
E, caused by the scalar electric potential due to the coil
winding, where p, ¢, z are the cylindrical coordinates.”* So
far, for SAR measurements, only E,, has been considered re-
sponsible for eddy currents losses and H, for spin related
losses, but the existence of the conservative electric field E,
was, surprisingly, disregarded.'®'? However, the magnitude
of the E, component in most solenoid configurations is at
least comparable to the magnitude of the Ej, component
and significantly contributes to the total rf electric field
E;=E4+E, and can thus affect the sample heating.”
Neglecting the heating due to interaction of the E, with both
NPs and their solution may lead to overestimation of the rf
magnetic field related SAR of the NPs.

In this paper, we have experimentally and numerically
analyzed the rf losses due to interaction of both NPs and the
solution with electric (E,;) and magnetic (H,,) fields. This
method can generally be applied to any type of NP; however,
this paper focuses on measurements of superparamagnetic
iron oxide (SPIO) NPs. We will demonstrate how the combi-
nation of both rf fields allows for determination of three
heating components, which are related to NP rf electric field,
NP rf magnetic field, and the solution only losses.

Our experimental setup is based on a high Q inductance-
capacitance-resistance (LCR) resonator, which can generate
high E,; and H,s fields up to 100kV/m and 50 kA/m respec-
tively, in the 12-50 MHz frequency range at low input
power. A block diagram of the experimental set up is shown
in Fig. 1. The resonator’s capacitor is constructed with two
copper plates separated by 12mm thick single crystal sap-
phire block (¢,=11, tand = 1075). The resonator’s solenoid
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FIG. 1. Rf heating measurement set-up with water-cooled LCR resonator
consisting of a parallel plate capacitor and solenoid.

is made of six turns of copper tube wound into a coil of di-
ameter 40 mm and distance per turn of 0.1 mm. The design
of the resonator enables the sample to be held in a quartz
tube positioned in cylindrical cavities drilled in the capaci-
tor’s and solenoid’s sapphire blocks. The sapphire crystals,
copper plates, and windings are water-cooled by a refriger-
ated bath circulator (Thermo Scientific) to maintain a con-
stant sink temperature of 20°C. An HP 83640 A frequency
synthesizer and 10 W (1-500 MHz) rf amplifier are used to
drive the resonator via an inductive coupling loop. The field
components in the resonator are measured using an electric
dipole and a loop sensor. Temperature is recorded versus
time by GaAs (Opsens) sensor controlled by a micro-meter
modulated stage translation.

Using the finite element method (FEM) simulator tool
Ansoft HFSS, we performed simulations of field components
in the solenoid and the capacitor. To study the individual
effects of the E, and E,, fields in the solenoid, we vary the E,
since E, cannot be altered without affecting the 7f source.
Hence, the effect of E, on the sample was analyzed while
suppressing E, by imposing a perfect-electric-conductor
(PEC) boundary condition, where the electric field is normal
while the magnetic field is tangential to the surface. This
boundary condition is incorporated by using a cylindrical
copper shield with longitudinal either single or multi gaps
(to prevent eddy currents) inserted in the solenoid.

Rf fields in the solenoid for samples with different per-
mittivity and conductivity were simulated. Fig. 2 shows
results for three cases: (a) an empty (filled with air) quartz
tube (¢, =1, 0 =0 S/m), (b) quartz tube filled with physiolog-
ical saline solution (¢, =81, ¢ =1S/m), and (c) air (empty
tube) with shield. The simulated effect of the copper shield
on the E4, E,, and H, field components in the solenoid
clearly demonstrate strong suppression of the E, with only
slight reduction of the E; and H, components.

For the experimental SAR measurements using our
approach, we investigated heating of water suspended SPIO
NPs (Sienna +®) from Endomagnetics Ltd. The SPIO NPs
were characterized for average diameter, size distribution,
and zeta potential using ZetaSizer Nano ZS (Malvern). The
measurement of the average diameter of dextran surrounding
5nm iron-oxide cores was found to be ~31.7nm. The zeta
potential measurements show that the particles have a nega-
tive zeta potential (—24.6 mV) which allows them to be in a
monodispersed colloidal form.
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FIG. 2. Magnitude of conservative electric field E,, magnetically induced
electric field Ey4, and magnetic field H, are shown for solenoid with quartz

tube containing air sample (left images); conducting sample (central images)
and air sample with copper shield (right images).

Three different rf field configurations, shown in Fig. 3
have been used for measurements of the temperature T as a
function of time t for 150 ul SPIO samples for an input of
1 W. Three slopes (q=dT/dt) ¢, ¢*°, and q** were measured
for the capacitor (Ey), the solenoid (E4, E,, and H,), and the
shielded solenoid (E, and H,), respectively, from initial 20 s
of the initial slopes as shown in Fig. 4.

Heat loss per unit volume of the sample P (W/m®) can
be expressed in terms of E,r and H,; components as

2
Vf) .

ey

1 "
P = Copd” = 3 (ouals G L] + sy 17

Here, C is the constant pressure specific heat (J/(kgK)), ps
is the mass density (kg/m>), q is the slope dT/dt, o represents
electric conductivity of the sample, y(o) is the depolarization
factor due to the free ion charges in the sample, v¢ is the vol-
ume fraction of SPIO NPs in the suspension, E; is the local
electric field in the sample region, and w is the resonant fre-
quency. SAR (P/p;) can also be calorimetrically expressed as
CpsdT/dt (W/kg). The specific heat capacity and density of
the solution are used as those of water. The superscript m

Copper shield

FIG. 3. E,; and H,; vector components distribution in (a) parallel plate
capacitor (Ey), (b) solenoid (Es=E4+E,), and (c) solenoid with gapped
copper shield (H, and E).
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refers to the three cases of the sample being placed in the ca-
pacitor ¢, solenoid s0, and/or solenoid with shield ss. Hence,
in solenoid EY’ = Ej, in solenoid with the shield E} = E
and in the capacitor Ej = BE,, where f is the dielectric
polarization screening factor. The depolarization factor
1™ (o) for the solenoid with and without shield are y*(¢) = 1
and 7*°(6) = 1, respectively. For the capacitor, it can be
expressed as a Debye factor since the sample is perpendicu-
lar to E

2
1 1

L)) e ()’

Here, w,(0) = oL/magge,, with sample tube length L =15 mm
and inner radius a= 1.4 mm. ¢gygs is the permittivity of the
NP solution.

In order to determine the exact value of the electric and
magnetic field components in the solenoid and capacitor, a
solution of known conductivity is measured. In our system,
for calibration of the LCR resonator 2.5 mM NaCl salt solu-
tion (0 =0.0314S/m, y°=0.57, " =0, v¢=0) was used
as a reference. Respective slopes were used to determine the
local electric field components (in solenoid EZO = E,, in sole-
noid with the shield E}* = E and in the capacitor Ej = BE)
from Eq. (1) and their values are given in Table I. When the
screening factor f=0.11 obtained from simulations using
HFSS, and the E; values shown in the Table I were used to
calculate the applied field E, across the capacitor, we
obtained 31.4kV/m. This value is very close to the voltage

(o) =

2

TABLE I. Slope (q=dT/dt) values of NaCl and calculated local fields val-
ues for the three configurations.

Local electric

Time (s)

sensor measured value. The conservative electric field com-

(Ey)* — (E¢)2 is estimated as 1.7 kV/m.

The two concentrations of SPIO NPs 28 mg/ml and
1 mg/ml studied here had volume fractions vy =35.4 X 1073
and vy =1.96 x 10~*. The heating slopes for the different
configurations are summarized in Table II. Since there is no
magnetic loss involved in the capacitor (H=0), from
Eq. (1) substituting q° for the two samples, we have calcu-
lated the conductivity of the suspensions as g, =0.13 S/m
and 0,5, =0.0065 S/m. Further, for a colloidal suspension,
the effective conductivity of the NPs suspension in the ca-
pacitor can be expressed as

ponent E. =

Osus = ONPVf + Gsol(l - Vf)- (3)

Substituting both the volume fractions vy and vy, and calcu-
lated effective conductivities o4, and g, of the two samples
in Eq. (3), the unknown variables onp and o, were solved
and the conductivities of the SPIO-dextran NP complex and
the dispersion medium were estimated as onp=23.3 S/m and
0501 =0.002 S/m.

In order to determine the magnetic loss of the SPIO
NPs, the calorimetric equations for the sample in the sole-
noid with shield were obtained from Eq. (1),

1
Cropsdi = 5 (aslEol’ + oo IHPyy) )
from which susceptibility can be extracted as
2Cv 3 “ - va 2
X” — PS psqsus Osus | ¢| . (5)

2
How|H:|"v

TABLE II. Slope values (q = dT/dt) of SPIO for the three configurations.

Configuration Slope qgar field E; (kV/m) H, (kA/m) Configuration Slope ¢y, (28 mg/ml)  Slope ¢y, (1 mg/ml)
Capacitor “c” 0.02557 3.46 (BE,) 0 Capacitor “c” 0.1832 0.009255
Solenoid “s0” 0.01408 1.936 (Ey) 8.2 Solenoid “s0” 0.093635 0.005501
Solenoid with shield “ss” 0.00227 0.776 (Ey) 7.1 Solenoid with shield “ss” 0.0364 0.001868
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TABLE III. SAR values for respective SPIO concentrations. (H, =7.1 kA/m, E;=1.91kV/m, f =30 MHz).

Concentration (mg/ml) 7" SARy (kW/kg) SARW/fH? (Wsm?/kgA?) SARg (kW/kg) SARE/fE? (Wsm?/kgV?)
28 0.0038 4.1 29x 10712 8.5 8.1x 107"
1 0.0055 5.86 42x107 12 8.5 8.1x 107"

Substituting fields and slopes from Tables I and II, we get
%"1=0.0038 for 28 mg/ml SPIO and y”, = 0.0055 for 1 mg/
ml SPIO NP suspensions. The magnetic component of SAR
(SARy,) of the SPIO NPs can be expressed as follows:

1
SARy, = ;“)X

w|H.|*. (0)

Pnp

For magnetic and non-magnetic NPs 7f power loss is propor-
tional to wH?y"(f) and a(w)E?, respectively. For the fre-
quency range 10°—10° Hz, y” and ¢ has no frequency
dependence.?* Originally SAR was introduced as a parame-
ter describing a dose of energy absorbed by a body due to 7f
electromagnetic wave irradiation.?® Later it was adopted to
describe the 7f loss enhancement due to NPs. However for
such a case, in order to describe the intrinsic 7f loss of NPs,
SAR has to be normalized by frequency and by the square of
the magnetic or electric field. Only this normalization allows
for comparison of SAR measured at different frequencies
and at different rf fields.

At a particular electric field, rf electric field induced
SAR can be calculated from the power loss P as

SAR = 72“;“'”'”“ . ()
sample

From the mass density of the SPIO pnp=5.17 x 10°kg/m’
and that of the solution pgo = Pwater = 10° kg/m3, we calcu-
lated SAR of the NPs and solution for electric field
E;,=1.91kV/m as 8.5kW/kg and 3.8 W/kg, respectively. The
normalized value of the NP SARg is equal to 8.1 x 10~ "
Wsm?/kgV? and it is the same for both our samples. The val-
ues of SARg and SARy, at frequency 30 MHz and the mag-
netic field strength 7.1 kA/m are given in Table III.

The origin of this loss cannot be explained by ohmic and/
or dielectric loss of the dextran matrix and the most plausible
cause is the NP-dextran-solution interface loss.?’ Since NPs
are charged, ionic double-layers are formed around the par-
ticles acting as additional source of E,; induced loss. Surface
polarization of the NP due to E,; will enhance this interaction
accounting for heat loss leading to such SARg value.

The elucidation of the mechanisms of NPs heating in
electric/magnetic fields is very important for designing thera-
peutic systems for targeted hyperthermia. Unlike the proc-
esses involved in NPs’ heating in the kHz range, clinically
used cancer hyperthermia devices are based on the frequen-
cies in the MHz range.28 At these higher frequencies, the
contribution of the dispersion medium to the overall heat
loss cannot be neglected. The method introduced here allows
us to distinguish and to calculate specifically the contribu-
tions of the E,; and H, to the overall heating efficiency. It
can be calculated from Eq. (1) that if the electric field
(ES:ELSO) induced loss is neglected, as it is done in litera-

ture, all heat produced by E field will be counted as magnetic
loss, and the magnetic SARy for sample 1 will be 14 kW/kg
(¥" =0.013). This is a very significant difference compared
to the more accurate value of 4.1kW/kg (%" =0.0038)
obtained in this paper (giving 250% systematic error).
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